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HIGHLIGHTS 


•  The  carbon-hybridized  Li2MnSi04  nanostructured  powders  show  the  stable  cycling  performance  with  a  capacity  of  ~  190  mAh  g-1. 

•  HE-XRD  and  PDF  analyses  were  carried  out  to  study  the  discharged/charged  structures. 

•  A  long-range  ordered  structure  dissipates  in  the  discharged  samples  but  each  discharging  process  recovers  it. 

•  The  disappearance  of  the  long-range  order  is  caused  by  a  local  structure  accommodating  distortions  of  the  Mn04  tetrahedra. 
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The  stable  cycling  performance  with  a  high  discharge  capacity  of  ~  190  mAh  g-1  in  a  carbon-hybridized 
Li2MnSi04  nanostructured  powder  has  prompted  an  experimental  investigation  of  the  charged/dis¬ 
charged  structures  using  synchrotron-based  and  laboratory-based  X-rays  and  atomic-pair  distribution- 
function  (PDF)  analyses.  A  novel  method  of  in-situ  spray  pyrolysis  of  a  precursor  solution  with  glucose  as 
a  carbon  source  enabled  the  successful  synthesis  of  the  carbon-hybridized  Li2MnSi04  nanoparticles.  The 
XRD  patters  of  the  discharged  (lithiated)  samples  exhibit  a  long-range  ordered  structure  characteristic  of 
the  (p)  Li2MnSi04  crystalline  phase  (space  group  Pmn2i)  which  dissipates  in  the  charged  (delithiated) 
samples.  However,  upon  discharging  the  long-range  ordered  structure  recovers  in  each  cycle.  The 
disordered  structure,  according  to  the  PDF  analysis,  is  mainly  due  to  local  distortions  of  the  Mn04 
tetrahedra  which  show  a  mean  Mn— 0  nearest  neighbor  distance  shorter  than  that  of  the  long-range 
ordered  phase.  These  results  corroborate  the  notion  of  the  smaller  Mn3+/Mn4+  ionic  radii  in  the  Li 
extracted  phase  versus  the  larger  Mn2+  ionic  radius  in  Li  inserted  phase.  Thus  Li  extraction/insertion 
drives  the  fluctuation  between  the  disordered  and  the  long-range  ordered  structures. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polyanionic  oxides  such  as  LiMPCU  phosphates  and  L^MSiCH 
silicates,  (M  =  Fe,  Mn),  have  been  considered  as  promising  cathode 
materials  for  rechargeable  lithium  ion  batteries  because  of  their 
better  safety  characteristics  compared  with  those  of  the  widely 
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used  cathode  oxides  such  as  LiCoCb,  LiNiC^,  and  LiM^CU.  While 
such  conventional  cathode  oxides  undergone  excessive  delithiation 
result  in  activated  oxygen  release  from  the  oxide  lattice,  poly¬ 
anionic  oxides  do  not  have  this  problem.  It  has  been  considered 
that  the  activated  oxygen  acts  as  a  strong  oxidizer  toward  organic 
electrolytes. 

Among  polyanionic  oxides  lithium  transition-metal  orthosili¬ 
cates  Li2MSi04  (M  =  Mn,  Fe)  have  a  theoretical  capacity  as  high  as 
330  mAh  g *  1 *  owing  to  a  dual  electron  transfer  in  M2+/M3+/M4+  via 
extraction/insertion  of  two  lithium  ions  in  one  formula  unit  [1]. 
Hence  the  structure  and  electrochemical  performance  of  L^MSiCH 
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have  been  investigated  both  experimentally  and  computationally 
[1—6].  Lithium  iron  orthosilicate  Li2FeSi04  is  known  to  exhibit  a 
stable  cycling  performance  in  the  delithiation  up  to  1.0  Li/formula- 
unit  which  corresponds  to  the  capacity  of  165  mAh  g-1  [7-25]. 
Recently,  it  was  reported  that  the  improved  performance  of  Li2Fe- 
Si04  was  in  the  delithiation  over  1.0  Li/formula-unit  [26].  Lithium 
manganese  orthosilicate  Li2MnSi04,  on  the  other  hand,  shows  a 
serious  decrease  in  capacity  upon  cycling  even  though  it  has  higher 
voltage  than  Li2FeSi04  [1,5,27-55].  This  decrease  of  capacity  in 
Li2MnSi04  has  been  attributed  to  the  destruction  of  the  crystal 
structure  by  a  Jahn-Teller  distortion  associated  with  the  Mn3+  ions 
[27]. 

We  have  synthesized  a  novel  hybrid  of  carbon  and  Li2MnSi04 
nanoparticles  that  exhibit  a  stable  cycling  performance  with  a  high 
discharge  capacity  of  190-205  mAh  g-1,  corresponding  to  deli- 
thiation/lithiation  of  1.15—1.24  Li/formula-unit  [56].  The  synthesis 
was  achieved  by  in-situ  carbonization  of  the  Li2MnSi04  nano¬ 
particles  with  spray  pyrolysis  of  a  precursor  solution  with  glucose 
as  a  carbon  source.  The  stable  cycling  performance  of  the  carbon- 
hybridized  Li2MnSi04  nanoparticles  may  be  rationalized  by  the 
easy  relaxation  of  structural  distortions  during  delithiation/lith- 
iation  occurring  only  in  extremely  small  particles  of  the  order  of 
10  nm  in  diameter.  Flowever,  the  discharged/charged  structures  in 
the  carbon-hybridized  Li2MnSi04  nanoparticles  during  cycling  have 
not  yet  been  determined. 

In  the  present  work,  we  have  applied  high-energy  X-ray  powder 
diffraction  (FIE-XRD)  and  atomic  pair  distribution  function  (PDF) 
analyses  to  study  the  discharged/charged  structures  in  the  carbon- 
hybridized  Li2MnSi04  nanoparticles  that  were  in-situ  synthesized 
by  spray  pyrolysis  of  a  precursor  solution  with  glucose  as  a  carbon 
source. 

2.  Experimental 

The  carbon-hybridized  Li2MnSi04  nanoparticles  were  synthe¬ 
sized  by  spray  pyrolysis  followed  by  grinding  and  heat-treatment. 
The  precursor  solution  for  the  spray  pyrolysis  was  prepared  by 
dissolving  commercially  available  LiN03  (KANTO  CFIEMICAL  CO., 
INC.),  Mn(N03)2  -6H20  (KANTO  CHEMICAL  CO.,  INC.),  and  colloidal 
silica  (Nissan  Chemical  Industries,  Ltd.,  SNOWTEX-OXS,  colloid 
particle  size:  4-6  nm,  10  wt%  aq.)  in  distilled  water  in  a  stoichio¬ 
metric  ratio  of  Li2MnSi04.  The  concentration  of  the  elements  in  the 
precursor  solution  was  0.3  mol  dm-3.  Further,  glucose  (Gun  Ei 
Chemical  Industry  Co.,  Ltd.)  was  added  into  the  precursor  solution 
in  a  concentration  of  100  g  dm-3  (0.55  mol  dm-3)  to  provide  the 
desired  carbon  content  in  the  hybridized  Li2MnSiC>4  nanoparticles. 
The  precursor  solution  was  atomized  by  using  an  ultrasonic 
atomizer.  The  atomized  mist  of  the  precursor  solution  was  intro¬ 
duced  into  a  tube  furnace  (60  mrncf),  850  mmL)  heated  at  600  °C  by 
N2  carrier  gas  (10  L  min-1),  yielding  a  spray-pyrolyzed  powder. 
Here,  glucose  was  carbonized  to  form  an  amorphous  carbon  phase 
with  the  formation  of  Li2MnSi04  phase.  The  spray-pyrolyzed 
powder  was  wetly  grounded  by  high-energy  ball-milling  with 
200  rpm  for  270  min.  The  grounded  powder  was  then  heat-treated 
at  700  °C  for  2  h  in  a  flow  of  1%H2/Ar,  producing  carbon-hybridized 
Li2MnSi04  nanoparticles  with  a  carbon  content  of  12  wt%. 

The  carbon  content  in  the  carbon-hybridized  Li2MnSi04  nano¬ 
particles  was  measured  by  a  carbon/sulfur  combustion  analyzer 
(Horiba,  EMIA-320  V). 

The  laboratory-based  X-ray  powder  diffraction  (XRD)  experi¬ 
ments  were  performed  by  an  X-ray  diffractometer  (Rigaku,  RINT 
Ultima  II  with  D/teX  Ultra)  with  Cu  Ka  radiation. 

The  synchrotron-based  XRD  experiment  was  carried  out  on 
beam  line  11-ID-C  of  the  Advanced  Photon  Source,  Argonne  Na¬ 
tional  Laboratory.  The  synchrotron  X-ray  energy  was  115  keV 


(Wavelength:  0.1078  A).  A  Laue  Si(311)  monochromator,  thermally 
controlled  to  within  1.8°  was  used  to  provide  the  monochromatic 
X-ray  beam.  All  samples  were  sealed  in  capillary  tubes  and  the 
diffraction  data  were  collected  using  a  2D  X-ray  area  detector  in 
transmission  geometry. 

The  electrochemical  characterization  of  the  carbon-hybridized 
Li2MnSiC>4  nanoparticles  as  a  cathode  material  was  performed  us¬ 
ing  CR2032-typed  coin  cells  at  25  °C.  The  composite  cathode  was 
prepared  by  mixing  20  mg  of  the  carbon-hybridized  Li2MnSi04 
nanoparticles  and  15  mg  of  conductive  binder  (Teflonized  acetylene 
black,  TAB).  The  mixture  was  then  pressed  into  an  SUS-mesh  which 
served  as  the  current  collector.  The  prepared  electrodes  were  dried 
at  180  °C  for  12  h  in  a  vacuum  oven.  The  coin  cell  was  made  up  of  a 
cathode  and  lithium  metal  sheet  as  anode,  which  were  separated 
by  a  glass-wool  sheet.  The  cells  were  filled  with  an  electrolyte  of 
1  M  LiPFg  in  a  mixture  of  ethylene  carbonate: dimethylene  car¬ 
bonate  (1 :2  ratio  by  volume),  purchased  from  KISHIDA  CHEMICAL 
Co.,  Ltd.  The  cells  were  galvanostatically  charged  up  to  5.0  V  in  a 
limited  charge  of  206  mAh  g-1  (a  delithiation  of  1.25  Li/formula- 
unit)  and  discharged  down  to  1.0  V  on  an  electrochemical  test  in¬ 
strument  (NAGANO  Co.,  Ltd.,  BT2010W).  The  charge/discharge  rate 
was  kept  as  0.1  C  in  each  cell.  In  order  to  avoid  the  effect  of  the 
degradation  in  cell  parts  other  than  Li2MnSi04  during  the  charge/ 
discharge  cycles,  some  parts  of  a  coin  cell  were  periodically 
replaced  by  new  ones  at  intervals  of  20  cycles. 


3.  Results  and  discussion 

Fig.  1  shows  the  charge/discharge  profiles  of  the  carbon- 
hybridized  Li2MnSi04  particles  under  the  delithiation  of  1.25  Li/ 
formula-unit  during  the  first  five  cycles.  The  profiles  throughout 
the  2nd  to  the  5th  cycles  show  the  same  behavior  characteristic  of  a 
large  discharge  capacity  of  about  190  mAh  g-1  (corresponding  to 
lithiation  about  1.15  Li/formula-unit)  and  a  very  high  coulomb  ef¬ 
ficiency.  Furthermore,  succeeding  cycling  measurements 
confirmed  the  sustained  stable  charge/discharge  profiles 
throughout  until  the  59th  cycle.  Only  the  first  charge/discharge 
curves  exhibit  outstanding  difference  from  all  the  other  curves. 
Specifically,  the  potential  of  the  first  charge/discharge  was  higher 
than  those  of  the  following  cycles.  This  may  suggest  that  the  first 
charge/discharge  process  induces  a  change  from  the  metastable  as- 
prepared  structure  to  a  stable  structure  that  is  suitable  for  repeti¬ 
tive  delithiation/lithiation  as  reported  in  the  case  of  Li2FeSi04  57]. 


Fig.  1.  Charge  (solid)/discharge  (dotted)  curves  of  the  carbon-hybridized  Li2MnSi04 
particles  at  the  rate  of  0.1  C  in  the  range  of  1.0-5.0  V  at  25  °C. 
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The  laboratory-based  and  synchrotron-based  XRD  experiments 
were  performed  for  the  as-prepared,  1  st-charged,  1  st-discharged, 
5th-charged,  and  5th-discharged  samples  in  order  to  understand 
the  structural  changes  in  repetitiously  discharged/charged  Li2Mn- 
Si04,  as  well  as  to  find  the  difference  in  the  structure  between  the 
as-prepared  and  the  1  st-charged/discharged  samples. 

The  laboratory-based  XRD  patterns  are  shown  in  Fig.  2.  Because 
the  measured  samples,  taken  out  from  a  discharged  or  charged  cell, 
include  teflonized  acetylene  black,  the  XRD  pattern  of  teflonized 
acetylene  black  is  also  shown  in  Fig.  2,  where  diffraction  peaks  of 
polytetrafluoroethylene  (PTFE)  and  carbon  were  identified.  The 
diffraction  peaks  of  the  as-prepared  sample  are  indexed  with 
respect  to  a  perfect  and  long-range,  orthorhombic  Pmn2i((3)  crystal 
structure  of  L^MnSiCH.  The  crystallite  size  estimated  from  the  full 
width  at  the  half  maximum  (FWHM)  of  the  XRD  peaks  using  the 
Debye— Scherrer  formula  is  about  16  nm,  which  is  in  good  agree¬ 
ment  with  the  particle  size  of  10-20  nm  observed  by  transmission 
electron  microscopy  (TEM).  The  TEM  observation  also  reveals  that 
the  carbon-hybridized  Li2MnSi04  particles  consist  of  Li2MnSi04 
nanoparticles  surrounded  by  a  carbon  phase  coating. 

After  the  first-charging,  some  diffraction  peaks  disappeared  and 
some  diffraction  peaks  became  markedly  smaller.  But  upon  the 
following  first-discharging,  the  missing  diffraction  peaks  reap¬ 
peared  and  grew  stronger.  After  the  fifth-charging,  all  diffraction 
peaks  of  L^MnSiCH  appeared  to  vanish  completely.  However,  they 
reappeared  even  after  the  fifth-discharging.  Thus  the  absence  of 
distinct  diffraction  peaks  in  the  charged  (delithiated)  structure 
implies  the  lack  of  long-range  order  crystalline  structure  in  the 
charged  state.  The  presence  of  some  diffraction  peaks  in  the  1  st- 
charged  sample  is  remarkable,  indicating  while  this  sample  is 
partially  delithiated  into  a  chemical  formula  Li0.75MnSiO4  or 
1.25MnSi04  +  0.75Li2MnSiC>4,  a  part  of  the  p-L^MnSiC^  structure 
still  remains.  On  the  whole,  it  can  be  said  that  samples  at  the 
charged  state  reveal  a  disordered  structure  as  evident  by  the 
absence  of  diffraction  peaks  whereas  the  residual  crystalline 
structure  of  (3-Li2MnSi04  is  recovered  in  the  discharged  samples. 

Fig.  3  shows  the  synchrotron-based  HE-XRD  patterns  of  the 
same  samples.  The  overall  features  show  more  distinct  diffraction 
peaks  with  better  statistics  than  the  laboratory-based  XRD  pat¬ 
terns.  The  diffraction  peaks  indexed  to  the  p-Li2MnSi04  structure 
account  for  the  same  charge/discharge  repetitive  behavior  as  those 
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Fig.  2.  Laboratory-based  XRD  patterns  of  the  as-prepared,  1  st-charged,  1  st-discharged, 
5th-charged,  5th-discharged  samples,  and  the  teflonized  acetylene  black.  The  carbon- 
hybridized  Li2MnSi04  samples  were  charged  or  discharged  in  the  delithiation  of  1.25 
Li/formula-unit.  #1  and  #2  peaks  of  teflonized  acetylene  black  correspond  to  diffrac¬ 
tion  peaks  of  PTFE  and  carbon,  respectively.  The  hid  indices  refer  to  the  underlining  |3- 
Li2MnSi04  structure. 


Fig.  3.  Synchrotron-based  HE-XRD  patterns  of  the  as-prepared,  1  st-charged,  1  st-dis¬ 
charged,  5th-charged,  5th-discharged  samples,  and  the  teflonized  acetylene  black.  The 
carbon-hybridized  Li2MnSi04  samples  were  charged  or  discharged  in  the  delithiation 
of  1.25  Li/formula-unit.  The  hid  indices  refer  to  the  underlining  (3-Li2MnSi04  structure. 


revealed  the  laboratory-based  XRD  patterns,  i.e.,  the  diffraction 
peaks  of  p-L^MnSiCH  diminish  in  the  charged  samples  and  reap¬ 
pear  in  the  discharged  samples. 

Therefore,  the  delithiated  samples  may  have  no  long-range  or¬ 
der  in  the  structure  and  the  lithiated  samples  have  a  long-range 
order  of  the  p-L^MnSiCU  structure.  As  shown  in  Fig.  4,  an  ideal  p- 
Li2MnSi04  crystallizes  in  a  quasi-layered  structure  which  consists 
of  sheets  of  alternating  corner-sharing  Mn04  and  Si04  tetrahedra 
and  lithium  ions  occupying  the  interlayer  tetrahedral  sites.  A  stable 
lattice  structure  may  be  regarded  as  the  result  of  balancing  the 
electrostatic  interactions  between  the  negatively  charged  Mn04- 
SiC>4  layers  and  the  inserted  lithium  cations.  When  a  portion  of  the 
lithium  cations  are  extracted  from  the  space  between  the  MnCH- 
Si04  layers,  a  decrease  in  negative  charge  of  the  Mn04— Si04  layers 
occurs  and  the  electrostatic  interaction  between  the  MnCH— SiC>4 
layers  and  the  remaining  lithium  cations  becomes  weaker.  Thus, 
the  space  between  the  MnCH-SiCH  layers  may  be  irregularly  altered 
in  the  charged  samples,  resulting  in  a  loss  of  the  long-range  order 
observed  in  the  XRD  patterns. 

In  order  to  compare  the  HE-XRD  patterns  with  the  laboratory- 
based  XRD  patterns  we  rescaled  the  26  of  the  HE-XRD,  effectively 
converting  A  =  0.1078  A  to  A  =  1.5418  A  (Cu-Koc).  Fig.  5  shows  the 


Mn04-Si04  layers 


Fig.  4.  A  schematic  crystal  structure  of  Pmn2i  ((3)  Li2MnSi04.  [3-Li2MnSi04  is  a  quasi- 
layered  structure  featuring  sheets  of  alternating  corner-shared  Mn04  and  Si04  tetra¬ 
hedra.  Lithium  ions  occupy  the  tetrahedral  sites  between  layers. 
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Fig.  5.  Converted  HE-XRD  patterns  of  the  as-prepared,  1  st-charged,  1  st-discharged, 
5th-charged,  5th-discharged  samples,  and  the  teflonized  acetylene  black.  2d  was  re¬ 
scaled  to  convert  A  =  0.1078  A  to  A  =  1.5418  A  (Cu-Ka). 


converted  HE-XRD  patterns  of  the  same  samples.  Some  important 
differences  were  observed  between  the  corresponding  HE-XRD 
and  XRD  patterns  (Fig.  2).  In  the  HE-XRD  patterns,  a  group  of 
additional  peaks  denoted  by  (i),  (ii),  (iii),  (iv),  and  (v)  were 
superimposed  on  the  diffraction  pattern  corresponding  to  the  (3- 
Li2MnSi04  structure.  These  diffraction  peaks  also  show  the  same 
behavior  as  those  assigned  to  (3-Li2MnSi04,  namely,  they  disap¬ 
pear  in  the  charged  samples  and  reappear  in  the  discharged 
samples.  Thus,  these  peaks  labeled  (i),  (ii),  (iii),  (iv),  and  (v)  must 
also  relate  to  the  change  in  structure  of  charged/discharged 
samples,  and  the  incommensurability  of  these  peaks  with  respect 
to  the  p-Li2MnSi04  structure  implies  an  origin  of  the  disorder 
structure. 

Therefore,  the  analyses  show  evidence  of  a  fluctuation  between 
a  crystalline  structure  and  a  locally  disordered  structure  corre¬ 
sponding  directly  to  the  charging  (delithiated)  and  discharging 
(lithiated)  processes  in  our  carbon-hybridized  Li2MnSi04 
nanoparticles. 

By  virtue  of  the  high  energy  -  thereby  high  spatial  resolution  - 
of  synchrotron  X-rays,  the  local  structures  of  the  charged/dis¬ 
charged  samples  can  be  investigated  by  the  pair-distribution- 
function  (PDF)  analysis.  Fig.  6(a)  shows  the  scattering  intensities 
J(Q)  as  a  function  of  the  wave  vector  Q  (=47tsin  0/A)  of  the  same 
samples  and  the  teflonized  acetylene  black.  Fig.  6(b)  shows  the 
corresponding  corrected  scattering  intensities  J(Q .)  by  subtracting 
the  background  of  the  teflonized  acetylene  black. 

Fig.  7  shows  the  G(r),  the  PDFs  in  real  space,  obtained  from  a 
Fourier  transform  of  the  corrected  scattering  intensities  J(Q)  of 
Fig.  6(b).  The  merit  of  this  analysis  lies  in  the  excellent  resolving 
power  at  small  radial  distances,  i.e.,  the  local  structure,  whereas  at 
large  distances  the  features  are  too  complex  to  interpret  quantita¬ 
tively.  Therefore,  concentrating  on  small  distances  and  examining 
the  peaks  around  2  A,  we  identify  a  peak  at  1.95  A  in  the  1  st- 
charged  and  5th-charged  samples,  and  in  the  as-prepared,  1  st- 
discharged,  and  5th-discharged  samples  this  same  peak  shifts  to 
2.15  A.  This  peak  around  2  A  is  related  to  spatial  correlation  of 
nearest  neighbor  (n.n.)  of  Mn— O  pairs.  Therefore,  the  mean  Mn-0 
n.n.  distance  of  delithiated  samples  is  shorter  than  that  of  the 
lithiated  samples.  This  is  consistent  with  the  notion  that  smaller 
Mn3+  and  Mn4+  ions  exist  in  the  delithiated  samples  and  lager 
Mn2+  ions  in  the  lithiated  counterparts.  Thus  the  change  in  the 
peak  position  around  2  A  corroborates  coordinated  behavior 


Fig.  6.  (a)  Scattering  intensities  I(Q)  as  a  function  of  the  wave  vector  Q.  for  the  as- 
prepared,  1  st-charged,  1  st-discharged,  5th-charged,  5th-discharged  samples,  and  the 
teflonized  acetylene  black  and  (b)  the  corresponding  corrected  scattering  intensities 
/(Q)  by  removal  of  the  teflonized  acetylene  black  background. 


between  the  Mn2+/Mn3+/Mn4+  valence  change  and  the  extraction/ 
insertion  of  lithium  ions. 

In  the  charge/discharge  repetition  of  the  carbon-hybridized 
Li2MnSi04  nanoparticles,  the  lithiated  structure  shows  a  long- 
range  order  which  dissipates  in  the  delithiated  structure.  Qualita¬ 
tively,  the  long-range  structure  is  evolved  to  accommodate  a  local 
structure  characteristic  of  distorted  MnCU  tetrahedra  which 


-4  u — * - ‘ - * - * - * - * - * - * - - - * - * - * - * - * - 

0  5  10  15 

Radial  distance  r(A) 


Fig.  7.  PDFs  G(r)  obtained  from  the  corrected  scattering  intensities  I(Q)  of  Fig.  6(b). 
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accommodate  shorter  Mn-0  n.n.  distances.  Furthermore,  the 
shorter  Mn- O  distance  corresponds  to  the  smaller  Mn3+  and  Mn4+ 
ions  in  the  delithiated  samples.  Upon  charging  (lithiation)  the  long- 
range  order  recovers.  Our  analysis  shows  that  such  structure  fluc¬ 
tuation,  apparently  only  occurring  in  the  carbon-hybridized 
Li2MnSi04  nanoparticles,  allows  the  extraction/insertion  of  the 
lithium  ions  in  the  interlayer  sites  yet  maintaining  the  overall  stable 
structure  of  the  material. 

We  now  remark  on  the  observation  of  a  different  charge/ 
discharge  behavior  only  in  the  first  charge/discharge  cycle  (see 
Fig.  1 ).  Flowever,  no  drastic  change  was  observed  in  XRD,  HE-XRD, 
and  PDF  between  the  as-prepared  and  1st-,  5th-discharged 
samples.  The  basic  local  structure  and  long-range  ordered  struc¬ 
ture  are  unchanged  by  the  first  charge/discharge  but  the  potential 
of  the  first  charge/discharge  is  higher  than  those  of  other  cycled 
charges/discharges.  This  means  that  a  higher  potential  is  needed 
for  the  first  extraction/insertion  of  lithium  ions,  and  in  subse¬ 
quent  extraction/insertion  of  lithium  ions  a  lower  potential  suf¬ 
fices.  One  conjectures  would  be  that  the  first  charge/discharge 
with  a  high  potential  may  effect  a  change  on  the  surface  of 
Li2MnSi04  nanoparticles,  for  example  by  forming  a  solid  elec¬ 
trolyte  interface  (SEI). 


4.  Conclusions 

We  have  prepared  carbon-hybridized  Li2MnSi04  nanoparticles 
by  a  novel  synthesis  using  spray  pyrolysis  of  a  precursor  solution 
with  glucose  as  a  carbon  source.  This  material  exhibits  excellent 
charge/discharge  cycling  durability  with  a  high  capacity  about 
190  mAh  g'1  corresponding  to  a  lithiation  of  about  1.15  Li  ion  per 
formula  unit.  The  charged/discharged  structures  in  the  carbon- 
hybridized  Li2MnSi04  nanoparticles  have  been  studied  by 
laboratory-based  XRD,  synchrotron-based  HE-XRD,  and  the  com¬ 
bined  results  analyzed  by  crystal  structure  and  PDF  analyses.  The 
discharged  samples  show  a  long-range  ordered  structure  that 
dissipates  in  the  charged  samples.  However,  each  discharging 
process  recovers  the  long-range  order.  In  other  words,  the  repet¬ 
itive  disappearance/reappearance  of  the  long-range  order  fully 
correlates  with  the  charge/discharge  cycling.  The  disappearance  of 
the  long-range  order  is  caused  by  a  local  structure  that  accom¬ 
modates  distortions  of  the  M11O4  tetrahedra.  The  mean  Mn-0  n.n. 
distance  of  the  charged  structure  is  shorter  than  the  correspond¬ 
ing  Mn-0  distance  of  the  discharged  crystalline  structure,  a 
finding  corroborating  the  notion  of  the  change  in  the  Mn2+/Mn3+/ 
Mn4+  ionic  radius  with  respect  to  the  extraction/insertion  of 
lithium  ions. 

Only  the  first  charge/discharge  cycle  requires  a  potential  higher 
than  that  of  all  subsequent  cycles  but  no  change  was  observed  in 
XRD,  HE-XRD  patterns,  nor  in  the  PDF  results.  This  implies  that  if  a 
structural  change  effects  a  high  potential  required  in  the  first 
charge/discharge,  it  is  not  related  to  the  locally  disordered  or  long- 
rage  ordered  structures  of  Li2MnSi04  but  rather  to  an  electro¬ 
chemical  change  due  to  a  microstructural  modification  of  the 
carbon-phase  in  Li2MnSi04  nanoparticles. 
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